ABSTRACT
INTRODUCTION

60
Speech is composed of individual sounds, called segments or (hereafter) phonemes (Bakovic, 61 2014), that are produced by coordinated movements of the vocal tract (e.g., lips, tongue, velum, and 62 larynx). However, it is not certain exactly how these movements are planned. For example, during 63 speech planning, phonemes are coarticulated-the vocal tract actions (constrictions or releases), or 64 articulatory gestures, that comprise a given phoneme change based on neighboring phonemes in the 65 uttered word or phrase (Whalen, 1990) . While the dynamic properties of these gestures, which are 66 similar to articulator kinematics, have been extensively studied (Westbury, 1990 instances of phonemes can be identified during word production using ECoG from PCG (Mugler et 91 al., 2014b). However, the ability to decode phonemes from these areas was rather limited, which 92 suggests that phonemes may not optimally characterize the representation of these cortical areas.
93
Some evidence exists that cortical activations producing phonemes differ depending on the context of Here, we used ECoG from PCG and IFG to classify phonemes and gestures during spoken word 100 production. We hypothesized that posterior PCG (approximate M1v) represents the movements, and 101 hence gestures, of speech articulators. We first examined the ability to determine the positions of 102 phonemes and gestures within words using ECoG. We next compared the relative performances of 103 gesture and phoneme classification in each cortical area. Finally, we used a special case of 
MATERIALS AND METHODS
111
Subject Pool
112
Nine adults (mean age 42, 5 female) who required intraoperative ECoG monitoring during 113 awake craniotomies for glioma removal volunteered to participate in a research protocol during 114 surgery. We excluded subjects with tumor-related symptoms affecting speech production (as 115 determined by neuropsychological assessment), and non-native English speakers, from the study.
116
All tumors were located at least two gyri (~2-3 cm) away from the recording electrodes. 
Data Acquisition
136
A 64-electrode, 8x8 ECoG grid (Integra, 4-mm spacing) was placed over the cortex and 137 connected to a Neuroport data acquisition system (Blackrock Microsystems, Inc.). Both stimulus 138 presentation and data acquisition were facilitated through a quad-core computer running a 139 customized version of BCI2000 software (Schalk et al., 2004 ). Acoustic energy from speech was 140 measured with a unidirectional lapel microphone (Sennheiser) placed near the patient's mouth.
141
Microphone signal was wirelessly transmitted directly to the recording computer (Califone), 142 sampled at 48 kHz, and synchronized to the neural signal recording.
143
All ECoG signals were bandpass-filtered from 0.5-300 Hz and sampled at 2 kHz. Differential 144 cortical recordings compared to a reference ECoG electrode were exported for analysis with an anterior halves of the precentral gyrus were assigned to pPCG and aPCG, respectively, while 148 those anterior to the precentral sulcus and ventral to the middle frontal sulcus were assigned to 149 IFG. Data will be made available upon request to the senior author. 
Experimental Protocol
152
We presented words in randomized order on a screen at a rate of 1 every 2 seconds, in blocks 153 of 4.5 minutes. Subjects were instructed to read each word aloud as soon as it appeared. Subjects 154 were surveyed regarding accent and language history, and all subjects included here were native
155
English speakers. All subjects completed at least 2 blocks, and up to 3 blocks.
156
All word sets consisted of monosyllabic words and varied depending on subject and 
Signal Processing
169
We examined normalized activity in the high gamma (70-290 Hz) band, since this band is 
175
ECoG signals were first re-referenced to a common average of all electrodes in the time domain. This is in contrast to the direct classification of phonemes and gestures, which included 192 phonemes such as /m/ and /n/ that were longer in duration; hence we used activity up to 300 ms using a model that accounts for subject-and utterance-specific differences in production. We . (e.g., the /t/ in "tab", which is voiceless) compared to when they are part of a cluster at the 315 beginning of a word (e.g., the /t/ in "stab", which is acoustically more similar to a voiced /d/, 
326
all other consonants) and tested them in classifying the /t/ in words starting with "st".
328
RESULTS
329
We simultaneously recorded ECoG from PCG and IFG (pars opercularis) and speech audio Figure 5A and 5B). We to brainstem motor nuclei, may be incomplete (Levelt, 1999; Levelt et al., 1999; Hickok, 2012b) .
424
The phenomenon of coarticulation, i.e., phoneme production is affected by planning and 425 production of neighboring phonemes, has long been established using kinematic, physiologic (EMG), 
437
The use of allophones enabled us to dissociate the correlation between phonemes and gestures, as classification performance somewhat), they do provide evidence for gesture representation in IFG.
464
These results imply that speech production cortices share a similar organization to limb-related observations from studies of limb motor control may be extrapolated to other parts of motor and 485 premotor cortices.
486
As in limb movements, sensory feedback is important in speech production (Hickok, 2012a 
